Extinction of conditioned fear responses is an active learning process resulting from the repeated presentation of a conditioned stimulus in the absence of the unconditioned aversive stimulus. Recent research implicates the medial prefrontal cortex (mPFC) in the mediation of fear extinction in rodents and the pathophysiology of posttraumatic stress disorder. However, there is currently little understanding of precisely how stress can impact fear extinction and the neural circuitry subserving this behavior. The present study examined the effects of brief exposure to an uncontrollable stressor on (1) fear conditioning and fear extinction, and (2) dendritic morphology of pyramidal neurons in the infralimbic (IL) and prelimbic (PL) regions of the mPFC in mice. Exposure to three episodes of stress ending 24 h before fear conditioning significantly attenuated the rate of cued fear extinction relative to nonstressed controls, but did not affect fear conditioning or cue or context recall. Analysis of Golgi-stained neurons showed that one or three exposures to daily swim stress caused significant retraction of terminal branches of apical, but not basilar, dendrites of IL neurons. In contrast, PL neuronal morphology was unaltered by stress. These data demonstrate that IL, but not PL, neurons are highly sensitive to even brief exposure to stress, and that this same form of stress impairs fear extinction. Present findings suggest that trauma may compromise the functional integrity of the mPFC with implications for the pathophysiology of certain neuropsychiatric disorders.
Introduction
Extinction is an active form of learning in which the expression of a conditioned fear response is reduced after repeated experience of the conditioned stimulus in the absence of the unconditioned, aversive stimulus (Pavlov, 1927) . Impaired fear extinction is a major symptom of anxiety disorders caused by emotional trauma, such as posttraumatic stress disorder (PTSD) [Diagnostic and Statistical Manual of the American Psychiatric Association IV (DSM-IV)]. However, although there is improved understanding of the neural systems subserving fear extinction, little is known about how these systems might be functionally compromised by stress.
Fear conditioning and extinction appear to involve partially distinct molecular and neural circuitry (Maren and Quirk, 2004; Pare et al., 2004; Barad, 2005) . A growing literature implicates the medial prefrontal cortex (mPFC), via connections to the amygdala, in fear extinction (Canteras et al., 1992; McDonald et al., 1996; Smith et al., 2000; Berretta et al., 2005) . In both healthy humans and rats, mPFC is activated during fear extinction (Barrett et al., 2003; Phelps et al., 2004; Santini et al., 2004) and relatively lesser mPFC volume is associated with poor fear extinction (Cintron and Quirk, 2004; Milad et al., 2005) . Furthermore, electrical stimulation of rat mPFC inhibits the neuronal output of the amygdala and mimics the effects of extinction learning on conditioned freezing, whereas, conversely, lesions of the mPFC cause deficits in extinction learning and/or subsequent recall of extinction memory (Morgan et al., 1993; Quirk et al., 2000 Quirk et al., , 2003 Milad and Quirk, 2002; Lebron et al., 2004) .
Together, these converging lines of evidence suggest that stress-induced changes in mPFC function could impair fear extinction. Interestingly in this context, PTSD patients have smaller mPFC volume and exhibit lesser mPFC activation during fear extinction than normal controls (Rauch et al., 2003; Bremner et al., 2005; Shin et al., 2005) . Moreover, recent rodent studies have shown that stress causes neuronal remodeling in the mPFC as well as changes in long-term potentiation in the mPFC-amygdala pathway (Maroun and Richter-Levin, 2003) . For example, chronic (3-6 weeks) restraint stress or corticosterone treatment causes significant dendritic retraction of mPFC pyramidal neurons (Wellman, 2001; Cook and Wellman, 2004; Radley et al., 2006) . Indeed, demonstrating the profound sensitivity of these neurons to stress, similar morphological changes can be induced to some extent by repeated exposure to mild stressors (Seib and Wellman, 2003; Brown et al., 2005) .
However, a number of critical questions remain: first, can exposure to a brief but sufficiently intense stressor produce changes in mPFC neuronal morphology; second, are specific subregions of the mPFC [i.e., infralimbic (IL) and prelimbic (PL) cortex] vulnerable to these effects; and third, are these changes associated with alterations in fear extinction. The present study aimed to address these questions.
Materials and Methods
Subjects. Adult male C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) were housed five per cage in a temperature-and humiditycontrolled vivarium under a 12 h light/dark cycle (lights on 6:00 A.M.). Experimental procedures were performed in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals and approved by the local Animal Care and Use Committee.
Uncontrollable stressor. The experimental design is depicted in Figure  1 A. Mice were forced to swim in a 20-cm-diameter cylinder filled halfway with 24 Ϯ 1°C water for 10 min. Forced swimming is commonly used to assess stress-related behavior in mice (Cryan and Holmes, 2005) and causes profound activation of the hypothalamic-pituitary-adrenal axis (Anisman et al., 2001 ) (our unpublished observations). Co-housed mice were either subjected to one swim stress or three swim stresses on consecutive days, or remained in the home cage.
Fear conditioning and extinction. Mice were fear conditioned 24 h after the final stress. Zero stress controls were conditioned concurrently. Conditioning was conducted in a 27 ϫ 27 ϫ 11 cm chamber with transparent walls and a metal-rod floor, cleaned with a 79.5% water/19.5% ethanol/1% vanilla-extract solution. After a 120 s acclimation period, mice received three pairings (60 -120 s variable interpairing interval) of the conditioned stimulus (CS; 30 s, 80 dB, 3 kHz tone) and the unconditioned stimulus (US; 2 s, 0.6 mA scrambled footshock), in which the US was presented during the last 2 s of the CS by the San Diego Instruments (San Diego, CA) Freeze Monitor system. After a 120 s no-stimulus consolidation period after the final CS-US pairing, mice were returned to the home cage.
Twenty-four hours later, CS recall and extinction learning were assessed. Mice were placed in a novel context (black/white-checkered walls and a solid Plexiglas opaque floor cleaned with a 50% ethanol/50% water solution) housed in a different room. After an initial 120 s acclimation period, the mouse received 40 presentations of the CS, each lasting 30 s and separated by a 5 s no-stimulus interval. Twenty-four hours later, mice were returned to the original training chamber/testing room for 5 min to assess context recall.
Freezing (no visible movement except respiration) was scored every 5 s by an observer blind to condition and converted to a percentage [(freezing observations/total observations) x 100]. Freezing during extinction was averaged into 5-trial blocks for analysis. The number of extinction trials taken to reach a criterion of two successive trials of one or fewer instances of freezing per CS exposure was also calculated. The effect of stress on freezing was analyzed using ANOVA, with repeated measures for trial block in the case of extinction, and Bonferroni's post hoc comparisons.
Dendritic analyses. Within 1 h of context recall, six randomly chosen mice from each stress condition were overdosed with isoflurane and transcardially perfused with 0.9% saline. Brains were removed and processed using Glaser and Van der Loos' (1981) modified Golgi stain. Briefly, tissue was immersed in Golgi-Cox solution for 10 d. Brains were then dehydrated, infiltrated with a graded series of celloidins, and embedded in 8% celloidin. Coronal sections were cut at 200 m on a sliding microtome (Histoslide SM2000R; Leica, Nussloch, Germany). Freefloating sections were alkalinized, developed, fixed, dehydrated, mounted, and coverslipped.
Pyramidal neurons in the IL and PL (Paxinos and Franklin, 2001 ) were identified in Golgi-stained sections based on position relative to major landmarks (e.g., forceps minor and genu of the corpus callosum, nucleus accumbens) and characteristic cytoarchitecture (e.g., the IL is markedly thinner and has fewer, less well defined layers than the PL). Pyramidal neurons were defined by a distinct, single apical dendrite extending from the apex of the soma toward the pial surface of the cortex, two or more basilar dendritic trees extending from the base of the soma, and dendritic spines (see Figs. 2 B, 3B) . Neurons selected for reconstruction were located in the middle third of the section, did not have truncated branches, and were unobscured by neighboring neurons and glia, with dendrites that were easily discriminable by focusing through the depth of the tissue. IL neurons were sampled from all cortical layers and PL neurons from layers II and III (Cook and Wellman, 2004; Radley et al., 2004) . All pyramidal neurons meeting the criteria were reconstructed.
Six to 13 neurons per region were reconstructed for each mouse at 600x (average within-animal error, 12.1 Ϯ 0.5%). Morphology of apical and basilar arbors was quantified in three dimensions using a computerbased neuron tracing system (Neurolucida; MicroBrightField, Williston, VT) with the experimenter blind to condition. To rule out artifactual differences in dendritic morphology caused by differential sampling across cortical layers, the soma-to-pial surface distance was measured in each neuron and compared across conditions using ANOVA. The effect of stress on the number and length of apical and basilar dendrites, both overall and specifically at terminals, were analyzed using ANOVA and Bonferroni's post hoc comparisons. 
Results

Stress effects on fear conditioning and extinction
All mice displayed robust fear conditioning, with no differences across stress conditions (Fig. 1 B) . Stress did not affect freezing before the first CS presentation or immediately after conditioning. Freezing during context testing 24 h after extinction training was also unaffected by stress (0 ϫ stress ϭ 31 Ϯ 4% freezing; 1 ϫ stress ϭ 32 Ϯ 4%; 3 ϫ stress ϭ 36 Ϯ 4%).
Freezing during extinction was significantly affected by stress (F (2,28) ϭ 5.70; p Ͻ 0.01) and trial-block (F (7, 196) ϭ 67.86; p Ͻ 0.01). Although freezing progressively decreased in all groups over extinction trial blocks, 3 ϫ stress mice showed significantly higher freezing than 0 ϫ stress controls on the third, fourth, and fifth extinction trial blocks ( p Ͻ 0.05), with a nonsignificant trend for higher freezing in the 1 ϫ stress group on the third trial block ( p ϭ 0.07) (Fig. 1 B) . Mice exposed to three episodes of stress also took significantly more extinction trials to reach criterion than 0 ϫ stress controls (main effect of stress, F (2,28) ϭ 4.94, p ϭ 0.01; post hoc, p Ͻ 0.05) (Fig. 1C) .
Stress effects on mPFC dendritic morphology
Examination of mPFC showed complete impregnation of multiple pyramidal neurons (Fig. 2 A) . Reconstructed neurons were located at depths of 107-533 m for the IL and 104 -434 m for the PL. Average soma-to-pial surface distance did not vary across stress conditions for either the IL or PL, indicating sampling across equivalent cortical layers.
In the IL, apical dendritic branch length was significantly affected by stress (F (1,15) ϭ 3.69; p Ͻ 0.05). Mice exposed to one or three episodes of stress displayed significantly shorter apical branches than 0 ϫ stress controls ( p Ͻ 0.05) (Fig. 2 B, C) because of a specific reduction in the length of terminal branches (F (1,15) ϭ 4.89, p Ͻ 0.05; post hocs, p Ͻ 0.05) (Fig.  2D ). This effect was not localized to a specific cortical layer, as the magnitude of the reductions was similar in neurons sampled from superficial and deep layers (for superficial neurons, apical branch length was decreased by ϳ15% averaged across both stress conditions; for deep neurons, apical branch length was decreased by ϳ18%). Neither total nor terminal branch number was affected by stress (Fig. 2C,D) . Basilar dendritic morphology was also not different across groups (Fig. 2 E, F ) (all p values Ͼ 0.12).
Stress did not affect any measure of apical or basilar morphology in PL neurons (Fig. 3A-F ) (all p values Ͼ 0.40). This was confirmed using Sholl analysis that assessed the amount and distribution of dendritic material in both apical and basilar PL arbors (Sholl, 1956 ) (both p values Ͼ 0.60; data not shown).
Discussion
Although there is a strong clinical relationship between exposure to emotional trauma and deficits in fear extinction, a direct link between the two has not been clearly established (DSM-IV) (Orr et al., 2000) . The present study demonstrated that exposure to uncontrollable stress before fear conditioning impaired subsequent fear extinction in mice. As compared with nonstressed controls, mice exposed to 3 consecutive days of swim stress showed higher levels of freezing during early extinction training and a greater number of trials to reach extinction criterion. Stressed mice were able to extinguish to rates comparable with nonstressed controls with further training. Moreover, rates of freezing during conditioning, initial CS recall, and context recall were unaffected by stress. Together, this pattern of effects suggests that stress produced a selective deficit in fear extinction rather than a nonspecific enhancement of fear conditioning, or a more general impairment in learning and memory.
Whereas present data concur with previous evidence that mPFC lesions produce deficits in extinction learning in rats (Morgan et al., 1993; Morgan and LeDoux, 1995) , other studies point to a specific role for the IL in mediating recall of extinguished fear memories (Quirk et al., 2000 (Quirk et al., , 2003 Herry and Garcia, 2002; Lebron et al., 2004) . Because our objective was to complete three phases of behavioral testing (conditioning, CS recall/ extinction, and context recall) and obtain mPFC samples within the shortest time frame after the cessation of stress, extinction Figure 2 . Uncontrollable stress rapidly causes retraction of apical dendrites in IL pyramidal neurons. A, Golgi-stained IL pyramidal neuron from an unstressed mouse. B, Computer-assisted reconstructions of representative IL pyramidal neurons in mice exposed to zero, one, or three episodes of stress. C, D, Overall (C) and terminal (D) branch length, but not number, of apical dendrites were significantly reduced after one or three stress exposures relative to zero stress controls. E, F, Stress did not affect overall (E) or terminal (F) basilar branch number or length (n ϭ 6/stress condition). Scale bar, 50 m. *p Ͻ 0.05 versus zero stress.
recall was not tested. Previous studies in rats have also found that various types of stressors, including restraint and footshock as well as forced swimming, can facilitate fear conditioning (Shors et al., 1992; Conrad et al., 1999; Rau et al., 2005) . In addition, recent evidence demonstrates that chronic restraint stress can produce selective deficits in extinction recall in rats (Miracle et al., 2006) . Thus, together with the present findings, these data show that stress may produce effects on fear conditioning, extinction, or extinction recall, and that the precise nature of these effects may depend on the stressor type, intensity, and chronicity. Notwithstanding, the finding that even brief exposure to a sufficiently stressful event can cause resistance to fear extinction provides a novel model of stress-induced psychopathology in neuropsychiatric conditions characterized by impaired extinction, such as PTSD. Moreover, the observation that these effects occur in mice has implications for further identifying the neural and genetic factors involved, given the utility of this species as a model system for emotional disorders (Cryan and Holmes, 2005; Hariri and Holmes, 2006) .
The present study showed that the same stressor that produced extinction deficits also caused alterations in neuronal morphology in the mPFC. Exposure to three episodes of swim stress produced remodeling of dendritic arbors of mPFC pyramidal neurons within 72 h of the final stressor. Specifically, stress caused significant retraction of terminal branches of apical, but not basilar, dendrites. Remarkably, changes of the same specificity and magnitude were found in mice subjected to just one episode of stress, demonstrating the exquisite sensitivity of these neurons to stress. This finding not only provides novel insight into the plasticity of ventromedial PFC neurons, but also has implications for predicting how behaviors mediated by this brain region might be vulnerable to disruption by exposure to a brief traumatic stressor (see below).
Previous studies have shown that various forms of chronic stress in rats produce morphological changes in the mPFC comparable with those presently observed, notably retraction of apical, not basilar, dendritic terminals (Wellman, 2001; Cook and Wellman, 2004; Brown et al., 2005; Radley et al., 2006) . Furthermore, although the present study is the first to show that such changes can be produced by an acute stressor, rapid dendritic remodeling in response to behavioral and physiological events is not without precedent. For example, Siberian ground squirrels exhibit a marked increase in the apical branch number and length of CA3 hippocampal neurons within 2 h of emergence from torpor (Popov et al., 1992) , whereas the 24 h transition from proestrus to estrus in female rats is characterized by decreased spine density of CA1 hippocampal neurons (Woolley et al., 1990) .
The present data also showed that stress-induced changes in neuronal morphology were specific to a subregion of the mPFC: dendritic retraction occurred in the IL, but not PL, neurons. This is the first demonstration of morphological changes in the IL occurring in response to stress (the aforementioned studies, which demonstrated effects of more chronic stress in the PL, did not examine the IL). One interpretation of these findings is that IL neurons are acutely sensitive to stress, whereas more prolonged exposure to stress is necessary to induce changes in the PL. Additional studies could test this hypothesis and assess how such region-specific morphological changes might translate into differential effects on behavior.
As noted in the Introduction, there is compelling evidence that a neural pathway connecting the mPFC and amygdala mediates fear extinction. Within this circuit, the IL appears to be critical. For example, neuronal activity in the IL signals successful retention and expression of an extinguished fear memory (Milad and Quirk, 2002) . More generally, inactivation of the IL causes impairments in other behaviors that, like fear extinction, are characterized by inhibition of inappropriate responding to learned cues (Chudasama et al., 2003; Murphy et al., 2005) . These findings have clear parallels with the present finding that stress effects on fear extinction are associated with changes in IL neuronal morphology, and raise the possibility that the two effects may be functionally linked.
Precisely how morphological changes in IL neurons might alter their function remains to be determined. Differences in dendritic patterns and distribution are known to determine the func- tional properties of cortical neurons (Rall et al., 1992; Mainen and Sejnowski, 1996; Koch and Segev, 2000) , and alterations in neuronal excitability are associated with changes in dendritic morphology (Muller et al., 2000; Gazzaley et al., 2002; . For instance, repeated high-frequency stimulation of callosal fibers in behaving rats results in both increases in dendritic length and potentiation of excitability of cortical pyramidal cells , whereas repeated low-frequency stimulation produces dendritic retraction and concomitant decreases in the excitability of cortical pyramidal cells . Furthermore, stimulation of apical tufts of cortical pyramidal neurons is thought to disproportionately excite the cells (Rhodes and Llinás, 2001 ). Thus, stress-induced retraction of terminal branches of IL apical dendrites could result in decreased excitability of these neurons. Given that activation of mPFC neurons can depress amygdala output (Quirk et al., 2003; Laviolette et al., 2005; Likhtik et al., 2005) , the retraction of IL dendrites and concomitant decrease in mPFC activation could impair inhibitory modulation of the amygdala during extinction.
However, the present results do not exclude effects of stress on regions other than the IL, and indeed stress-induced alterations in the IL alone may not be sufficient to impair extinction. Consistent with this notion, although both one and three episodes of stress were sufficient to causes dendritic retraction in the IL, the more prolonged stress regime was necessary to produce statistically significant deficits in fear extinction. Chronic stress is known to alter neuronal morphology in the amygdala, hippocampus, and PL (Conrad et al., 1999; Vyas et al., 2002; Cook and Wellman, 2004; Laviolette et al., 2005) . Therefore, one possibility is that the IL is an initial target for stress and that loss of functional integrity in this brain region renders the wider neural circuitry supporting extinction vulnerable to additional stress. Additional studies will help elucidate the precise nature of stress effects on this circuitry and may ultimately provide insights into the pathophysiology of neuropsychiatric disorders ranging from PTSD to drug addiction.
